An ultrafine pigment dispersion was prepared using sodium methylene dinaphthalene disulphonate (NNO) as the dispersant in conjunction with micro-jet milling. The particle size distribution measured by dynamic light scattering (DLS) showed that the pigment particle size was less than 200 nm, with the particles uniformly dispersed in aqueous media. Freeze−thaw treatment indicated that the ultrafine pigment dispersion had good storage stability. Flax fabrics were cationized by means of a polymeric quaternary ammonium salt employing an exhaustive method and the adsorption properties of the ultrafine pigment on this substrate were investigated. The results indicated that the percentage adsorption performance of the pigment was influenced by the particle size, the pH, the time and the temperature. The kinetics of pigment adsorption were studied with the resulting data being fitted by the first-order rate equation. This allowed the respective first-order adsorption rate constant, k 1 , and the adsorption half-time, t 1/2 , to be calculated.
INTRODUCTION
Ultrafine pigment dispersions have been widely used in many fields, such as paint, liquid electro-photographic toners and pigmented inkjet printing inks. Many properties, such as the gloss, tinting strength, chemical resistance, shelf life, transparency and hiding power, are significantly influenced by the dispersion quality of the pigment (Li et al. 1997; Singh et al. 2005) . The quality of dispersion is mainly determined by the degree of dispersion (small mean size and narrow size distribution) and the stability of the system. In the dry state, organic pigment particles are held together by van der Waals forces and "liquid bridge" forces; these must be overcome before organic pigment particles can be dispersed into an aqueous solution (Lin 2003) . Some dispersion equipment has been designed for the efficient reduction of oversized pigment particles into smaller ones. Although different kinds of dispersion tools vary in their dispersion mechanisms, they can offer one of three types of forces, viz. shear, impact and attrition, allowing the maximum efficiency in transferring mechanical energy from the dispersion tools to the pigment particles (Lin 2003; Jesionowski et al. 2004; Cechova et al. 1998) .
Apart from dispersion equipment, dispersants must be carefully selected and added for successful pigment dispersion. Milling the pigment with the aid of a polymeric dispersant is a common method of dispersion because such dispersants can provide sufficient steric and electrostatic repulsion to the particles (Wijting et al. 2008; Chen et al. 2009 ). At the same time, a lot of research activity has been focused on the dispersion properties of low molecular weight (LMW) surfactants because such surfactants can easily be adsorbed onto a pigment surface and facilitate the break-up of pigment agglomerates (Fang et al. 2005; Musselman and Chander 2002) . In our research, an anionic LMW surfactant, viz. sodium methylene dinaphthalene disulphonate (NNO), was successfully applied to prepare stable ultrafine pigment dispersions and the influence of NNO concentration on the zeta potential, particle size and dispersion stability of the ultrafine pigment dispersion thus obtained was analyzed.
Pigment adsorption performance is vital to textile colouration applications. In the present research, cationized flax fabrics were selected as the substrate to investigate the percentage pigment adsorption properties. In addition, the influences of particle size, pH value, time and temperature on adsorption performance were analyzed, and the kinetics of pigment adsorption studied using the first-order rate equation. To the best of our knowledge, few reports in this field have been published previously.
EXPERIMENTAL

Materials
An anionic surfactant, sodium methylene dinaphthalene disulphonate [NNO, structure (1)], was purchased from the Haiyi Fine Chemistry Company, P. R. China. Pigment Red 12 [structure (2)] was supplied by the Wuxi Xinguang Co. Ltd., P. R. China. Flax fabrics (surface area, 280 m 2 /g) were plain knitted and provided by the Binzhou Textile Factory, P. R. China. The cationic reagent (CPR),which was a solution of a polymeric quaternary ammonium salt containing reactive groups, was obtained from the Zhongda Chemical Co. Ltd., P. R. China. Binder FSB was purchased from the Hongqing Chemical Co. Ltd., P. R. China. Other chemical agents were all of A.R. grade.
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Preparation and studies of the ultrafine pigment dispersion
A quantity of pigment (10 wt%) was mixed with an aqueous solution of NNO (0.5−2 wt%) in an IKA high-speed mixer for 30 min at 8000 rpm. The pigment dispersion was then treated further in an M-110EHI microfluidizer (Microfluidics International, Newton, MA 02464, U.S.A.) at a pressure of 22000 psi for 30 min to obtain an ultrafine pigment dispersion and for 10 min to obtain a coarse pigment dispersion. The particle size distribution was measured by means a Malvern Instruments Nano-ZS60 particle size analyzer. The analysis was based on a light-scattering method capable of Mie scattering and covering a wide size range from 0.02 µm to 2000 µm. The zeta potential was measured via a Malvern Instruments Zetasizer which was calibrated daily using a standard test colloid. The zeta potential was calculated from the mean electrophoretic mobility using Smoluchowski's equation. Each sample was measured three times to give an average particle size and zeta potential.
The pigment dispersion (25 mᐉ) was sealed and stored at −5 °C for 24 h and then placed in an oven at 50 °C for 24 h. The freeze-thaw stability was evaluated by comparing the particle size before and after the freeze-thaw process.
Viscosities were measured using a Brookfield DV-III instrument (Brookfield Engineering Laboratories, Inc., Middleboro, MA 02346-1031, U.S.A.) at 25 °C employing a shear rate of 5−60 s −1 .
Cationization of the flax substrate
Soured and bleached flax fabrics (10 g each) were immersed separately in aqueous solutions of the cationic reagent CPR (0−15%, based on the weight of fabric) at a liquor ratio of 30:1 using a SW-2 dyeing instrument. The pH values of the solutions were adjusted to 11 with 0.5 N sodium hydroxide solution. The temperature was raised to 90 °C over a period of 10 min and held at this temperature for a further 30 min. The resulting cationized fabrics were taken from the bath, rinsed thoroughly in tap water and then dried in air.
Ultrafine pigment adsorption onto the cationized flax substrate
The adsorption properties of the ultrafine pigment onto the above cationized fabrics were investigated in a Mini-lab dyeing machine (Rapids Instrument, Co. Ltd., P. R. China). Thus, 10 g of the cationized flax fabrics were placed in baths containing 0.5−5 wt% ultrafine pigment at a liquor ratio of 30:1. The adsorption was carried out at 40−80 °C for various times within the range 0−40 min. After selected time intervals, 0.5 mᐉ samples of the bath contents were pipetted into test tubes and diluted to 25 mᐉ with water to enable their absorption to be measured. Finally, the fabrics were taken out and placed into the binder solution (5 g/LFSB, 30:1 liquor ratio) for 15 min at 80 °C, rinsed in tap water and then dried in air.
Absorption spectra
Absorption spectra of aqueous solutions at the maximum absorbance were recorded using a 722 spectrophotometer. The adsorption percentage of the pigment was estimated from the following equation:
(1) where A 0 is the initial absorbance and A t is the absorbance after a time t.
Colour and fastness testing
The K/S values were measured via a Xrite-8400 colorimeter in conjunction with the D 65 illuminant using the 10°standard observer. Flax fabrics with pigment were tested according to ISO 105-C06 using a SW-1 testing apparatus for wash fastness, and according to ISO 105-X12 using a SW-12 crocking meter for the rubbing fastness.
RESULTS AND DISCUSSION
Effect of surfactant on the pigment particle size, zeta potential and viscosity
The degree of dispersion can be accurately determined by measuring the particle size of the pigment. As shown in Figure 1 , the pigment particle size decreased rapidly as the NNO concentration increased. During the dispersion process, large pigment particles were first wetted by the liquid phase and then ground into smaller particles by mechanical impact. At the same time, the surfactant molecules were adsorbed onto the pigment surface, thereby preventing the re-agglomeration of fine particles. As is well known, the two naphthalene rings in the NNO structure (Structure 2) possess great affinity for the pigment and tend to anchor rapidly and easily onto the pigment particle surfaces. The process of pigment surface modification is a dynamic balance of the adsorption and desorption of surfactant molecules. Since this balance is established on the pigment surface, the hydrophilic part of the surfactant will disperse freely in the aqueous medium and stabilize the system mainly by electrical repulsion. A better quality of dispersion is achieved on increasing the NNO concentration. However, when the NNO concentration is greater than 1.25%, the extent of dispersion hardly changes because the total pigment surface has been occupied by NNO at this point. Zeta potential measurements, which can measure the charges on particles due their displacement in an electrical field, could reflect the amount of surfactant on the particle surface. In addition, the zeta potential provides a measure of the electrical repulsion between the dispersed pigment particles. As shown in Figure 2 , the absolute value of the zeta potential of the ultrafine pigment increased with increasing NNO concentration up to a certain level. At this concentration level, the pigment surface had been totally occupied by the surfactant, with any excess surfactant remaining in solution rather than being adsorbed.
Viscosity reflects the inner friction of a fluid and is informative in testing the behaviours of dispersants. Figure 3 shows that the ultrafine pigment dispersion exhibited a low and quite stable viscosity when the shear rate was in the 5-60 s −1 range, thereby indicating the excellent homogeneity of the ultrafine pigment particles in the dispersion. No obvious fluctuation was apparent when the shear rate was increased. 
Effect of surfactant on the stability of the ultrafine dispersion
Ultrafine pigment particles can readily form larger particles due to van der Waals attractive forces. This represents a big disadvantage when pigments are compared with dyes (Baez et al. 2009; Ishikawa et al. 2005a,b) . Two main forces act between pairs of colloidal particles in solution: electrostatic double layer interaction and van der Waals interaction. Depending on the balance of these two interactions, the net interaction may be either repulsive or attractive. This idea was proposed by Darjaguin and Laundau and by Verway and Overbeek and is therefore referred as the DLVO theory. The conclusions of this theory can be expressed by the following equation (Ishikawa et al. 2005a,b) :
( 2) where V T is the total potential energy of interaction between two pigment particles, K is a constant, ε is the permittivity of the medium, ϕ is the surface potential of the particles, r is the particle radius, κ is the Debye-Hückel parameter, H is the separation distance between two particles and A is the Hamaker constant. The stability of the ultrafine pigment dispersion was investigated via the freeze-thaw test giving the results depicted in Figure 4 . When treated at −5 °C for 24 h, the system is frozen and thus expands considerably enabling the electrical double layers of the particles to be compressed. Similarly, when treated at 50 °C for 24 h, the movement of the pigment particles would be increased, resulting in significant collisions amongst the pigment particles which would greatly destroy the stability of the system. For better performance, the existing surfactant molecules on the pigment surface should provide as efficient as possible a resistance to the above treatment. The data depicted in Figure 4 show that the pigment particle size increased after such treatment but to only a relatively small extent, thereby indicating that NNO was an adequate dispersant for the pigment system under study. 
Effect of the concentration of the cationic agent on the adsorption of ultrafine pigment
Since pigments are insoluble in water, they lack any affinity towards the flax substrate. Moreover, since the surfaces of the pigment particles are negatively charged in the preparation process due to the adsorption of anionic NNO, interaction with the negatively charged flax substrate will generate repulsive forces (-12.5 mV at pH 7). In order to overcome this repulsion, the cationic reagent CPR was used to modify the characteristic surface charge of the flax substrate, thereby facilitating the pigment adsorption process. Table 1 lists the nitrogen content and percentage pigment adsorption onto flax after treatment with CPR. It will be seen that as the concentration of the cationic agent increased over the range 0−15 wt%, the percentage of nitrogen in the cationized flax fabric increased from 0% to 0.198%, while the pigment adsorption percentage increased from 13.2% to 85.7%. A higher nitrogen content indicates that a greater number of positive charges have been introduced into the flax and a higher ionic attraction between the cationized flax and the ultrafine pigment has thereby been generated. It can also be seen that the percentage nitrogen content and the pigment adsorption percentage levelled off when the addition of pigment was above 10 wt%, which means that all the molecular chains associated with the flax had been modified at this point. Table 1 also lists the adsorption fastness of the ultrafine pigment on the cationized flax. Both the wash and rubbing fastness decreased with an increase in the amount of cationic agent employed and in the percentage of pigment adsorbed, since more pigment on the flax surface resulted in a higher drop-off probability in the testing procedure. On the whole, the fastness properties of the ultrafine pigment on the cationized flax were fairly good and acceptable in many industrial applications. Figure 5 shows that the pigment adsorption percentage decreased as the pH value increased from 5 to 11. The increase of pH would generate more negative charges on the flax substrate because of the greater ionization of the hydroxyl and carboxyl groups on the flax chains. Hence, the affinity between the flax substrate and the pigment particles would obviously be weakened, causing a reduced amount of pigment adsorption. 
Effect of pH value on the adsorption of the ultrafine pigment
Effect of particle size on the adsorption of the pigment
In order to investigate the influence of particle size on pigment adsorption, we used both the ultrafine and coarse pigment (particle size distribution shown in Figure 7 below) to colour the cationized flax. Figure 8 overleaf shows the relationship between the pigment concentration and its adsorption percentage. It can be seen that the equilibrium values of the pigment adsorption decreased with increasing pigment concentration. It may also be observed that the equilibrium values for the ultrafine pigment were less than those for the coarse pigment, mainly due to its larger specific surface area. Figure 9 overleaf depicts the extent of pigment adsorption versus time. Pigment adsorption proceeds via the movement of pigment particles from the liquid in the bath to the fabric surface. Once the pigment is adsorbed onto the flax surface, it will deposit on external sites rather than diffuse into the interior of the fibre. This arises because of the size difference between the pigment particles and the pores in the fibres of the flax substrate. It will be seen from Figure 9 that the overall adsorption process was very fast, with equilibrium being attained within 30 min.
The data depicted in Figure 9 can be analyzed using the general form of the first-order kinetic rate equation [equation (3) Figure 6 shows the influence of NaCl electrolyte on the adsorption of the pigment, from which it is seen that the adsorption percentage of the pigment decreased with increasing electrolyte concentration. One reason for this behaviour could be that the negatively charged chloride ions of the electrolyte counteracted the positive charges on the cationized flax and thereby weakened the affinity between the flax substrate and the pigment. Another reason is that the presence of the electrolyte would lead to compression of the electrical double layer of the pigment and result in its re-agglomerate during the adsorption process. where A t is the concentration of pigment adsorbed at time t, A 0 is the initial concentration of pigment, A f is the concentration of pigment adsorbed at equilibrium, t is the adsorption time and k 1 is the firstorder kinetic adsorption rate. Taking logarithms of both sides of equation (3) leads to equation (4):
If the adsorption process is first order, a plot of versus time would be expected to be linear with a slope equal to -k 1 and an intercept equal to . The linear fitting equation and the values for the adsorption rate constants are listed in Table 2 . The time for halfadsorption, t 1/2 , which is the time required for the cationized fabric to take up half of the equilibrium amount of pigment, may be estimated from equation (5): 
Effect of temperature on the adsorption of the pigment
The data listed in Table 3 record the influence of temperature on the adsorption of the ultrafine pigment. It will be seen that higher temperatures led to relatively lower equilibrium adsorption percentages but a higher adsorption rate, indicating that the adsorption of pigment was an exothermic process. The standard thermodynamic quantities at different temperatures may be obtained from equation (6): (6) where T is the adsorption temperature, ∆µ 0 is the standard affinity and ∆H 0 is the standard adsorption enthalpy.
Since the standard affinity decreases with increasing temperature, this indicates that the equilibrium adsorption percentage of pigment would also decrease. However, higher temperatures would result in the increased diffusion of the pigment particles to the boundary layer and the substrate surface, with a consequent increase in the adsorption rate. 
CONCLUSIONS
This study has demonstrated that ultrafine pigment particles less than 200 nm in size can be successfully prepared through the use of sodium methylene dinaphthalene disulphonate (NNO) as an anionic surfactant, with the concentration of NNO having a significant influence on the dispersion quality as expressed in terms of the particle size, zeta potential, viscosity and stability. Cationization of the flax fabric employed as the substrate improved the adsorption rate of the ultrafine pigment. The percentage adsorption of pigment increased with increasing concentration of the cationic agent until its concentration attained a value of 10 wt%. However, the wash and rubbing fastness decreased because of the higher drop-off probability. Higher pH values resulted in lower pigment adsorption, due to the greater ionization of flax chains under alkaline conditions. The ultrafine pigment exhibited a higher equilibrium adsorption value than its coarser counterpart because it exhibited a larger specific surface area. The kinetics of the pigment adsorption process were analyzed via the linear fitting method. The first-order adsorption rate constant, k 1 , and the half-adsorption time, t 1/2 , were 0.0884 min −1 and 7.84 min, respectively, for the ultrafine pigment, and 0.0780 min −1 and 8.89 min, respectively, for the coarse pigment. Lower equilibrium adsorption values and higher adsorption rates were obtained at higher temperatures, reflecting the fact that pigment adsorption was an exothermic process and that movement of the pigment particles in the aqueous medium was promoted by heat.
